Introduction

43
During cognitive tasks brain rhythms of different frequencies can be recorded at the scalp using 44 electroencephalography (EEG), that are correlated with cognitive and behavioral processes. In recent 45 years, it has been suggested that various non-invasive methods, such as repetitive transcranial magnetic 46 stimulation (rTMS) or transcranial alternating current stimulation (tACS) are capable of frequency-47 specific modulation of brain rhythms. Hence, they have been used to test the causal relationship 48 between the strength of neuronal oscillations and behavior (for a review, see Thut, Schyns, & Gross, 49 2011 ). However, the interaction of these externally applied magnetic or electric fields with ongoing 50 brain rhythms is still poorly understood. An alternative form of frequency-specific modulation of brain 51 rhythms can be achieved with rhythmic sensory stimulation which induces steady-state evoked 52 potentials (SSEPs) following the temporal frequency of the driving stimulus (Regan, 1977) . SSEPs are usually measured with electroencephalography (EEG) and have been documented in the visual (steady-54 state visually evoked potentials, SSVEPs), the auditory (auditory steady-state responses, ASSRs) and 55 the somatosensory (steady-state somatosensory evoked potentials, SSSEPs) systems (for a review, see 56
Vialatte, Maurice, Dauwels, & Cichocki, 2010). However, the underlying mechanism of SSEPs, is still 57 debated (see Zoefel, Ten Oever, & Sack, 2018) . While some studies report evidence for entrainment 58 of ongoing brain oscillations by showing an interaction between stimulation and endogenous activity 59 (Notbohm, Kurths, & Herrmann, 2016; Schwab et al., 2006) , others found responses to be nothing 60 more than regular repetitions of evoked neural potentials (Capilla, Pazo-Alvarez, Darriba, Campo, & 61 Gross, 2011; C. Keitel, Quigley, & Ruhnau, 2014) . In contrast to simply overlaying evoked potentials, 62 entrainment modulates brain oscillations. To test whether brain responses to rhythmic sensory 63 stimulation reflect entrainment, it is therefore necessary to provide evidence of a dependency on 64 ongoing brain oscillations. This dependency arises from theoretical considerations and has been the 65 main research interest in studies supporting the entrainment hypothesis (see Zoefel et al., 2018) . The 66 so-called Arnold tongue describes a classical model of entrainment between two oscillators depending 67 on stimulation rhythm and intensity (Pikovsky, Rosenblum, Zaks, & Kurths, 1999) . The model predicts 68 that a high stimulation intensity evokes a larger response than a low intensity but also entrainment to 69 be most pronounced when the stimulation frequency matches the frequency of the endogenous system 70 (e.g. Fröhlich, 2015) . In a recent study, Notbohm et al. (2016) reported that the coupling of EEG 71 oscillations with rhythmic visual flicker follows the characteristics of the Arnold tongue. They showed 72 that the EEG response to the stimulation depends on both the stimulation intensity and the distance 73 between the flicker frequency and the participants' individual alpha frequency (IAF; Notbohm et al., 74 2016) . Other studies found similar effects for tACS over occipital cortex which either increases EEG 75 power at participants' visual alpha frequency (Helfrich et al., 2014; Zaehle, Rach, & Herrmann, 2010) , 76 or biases ongoing alpha oscillations in visual cortex towards the exogenous stimulation frequency 77 (Minami & Amano, 2017) . Most previous studies have tested entrainment in visual cortex targeting 78 the alpha rhythm. Here we test whether it is also possible to entrain endogenous brain rhythms of 79 primary sensorimotor cortex via rhythmic tactile stimuli. It is well known that the sensorimotor cortex 80 exhibits strong activity in the alpha (8 -12 Hz) and beta band (15 -30 Hz) when subjects are at rest 81 (Crone et al., 1998 Rajagovindan & Ding, 2011) . Here we ask whether the alpha and the beta 87 rhythms in primary sensorimotor cortex are equally susceptible to entrainment via tactile stimuli. We 88 hypothesized that repetitive tactile stimulation at or close to the intrinsic alpha and beta frequency 89 peaks of the sensorimotor system should be more effective than stimulation at other frequencies. To 90 that end, we probed whether characteristics of the Arnold tongue can be found when measuring phase 91 synchronization in response to vibrotactile stimulation at different frequencies in the alpha and beta 92 bands. Three different stimulation intensities were applied for each frequency which were defined 93 relative to individual sensory threshold. We expected steady-state EEG responses to be more 94 pronounced for (i) high-intensity stimulations compared to low intensities, and (ii) at stimulation 95 frequencies closer to individual alpha (IAF) and/or beta frequencies (IBF) compared to frequencies 96 more distant from endogenous oscillations. 97
98
Materials and methods
99
Participants 100 25 participants took part in the experiment in exchange for monetary compensation (20 Swiss francs 101 per hour). The participants had no reports of psychiatric disorders and were all right-handed according 102 to the Edinburgh Handedness Inventory (Oldfield, 1971 ). The study protocol was approved by the local 103 ethics committee and was conducted in accordance with the Declaration of Helsinki. All participants 104 provided written consent. 3 participants were excluded from the analysis due to technical problems 105 during EEG recording or because they did not follow the instructions (e.g. falling asleep during the 106 EEG recording), resulting in a final sample of 22 participants (female: 8; age: range = 18 -29, M ± 107 SD = 22.8 ± 2.6). 108
Design and procedure 109
The experiment was conducted in two parts. In a first part, we determined participants' IAF and IBF 110 in a simple finger tapping task. The second part consisted of the main experiment with different 111 conditions of vibrotactile stimulation to participants' right index finger. Throughout both parts, EEG 112 was recorded (see below). 113
Part I: Detection of IAF and IBF
Participants were comfortably seated in a dark sound-attenuated room, approximately 100 cm away 115 from a computer screen (27-inch) and were instructed to execute a self-paced finger tapping task with 116 their right hand, in which they tapped and gently squeezed their thumb against each of the other fingers 117 successively. One run consisted of an alternating green and red fixation cross appearing in the center 118 of the screen (each 9 times for 10 seconds). Green indicated that the participant should execute the 119 finger tapping, and red indicated that they should rest their hand. Each participant performed two runs. 120 During the main experiment ( Figure 1 ), all stimulation frequencies (i.e. 6 -24 Hz) were applied with 139 the same sub-threshold, low and high intensities, respectively. Note that the range of our experimental 140 frequencies was rather narrow such that all activate the same tactile mechanoreceptors (Meissner's 141 corpuscles, 5 -50 Hz; see Johansson & Flanagan, 2009 ). After threshold detection, the main 142 experiment began which consisted of 3 blocks each consisting of 10 stimulation conditions which were 143 carried out in random order (resulting in 30 stimulation conditions in total). These 30 conditions were 144 composed of 10 different stimulation frequencies ranging from 6 to 24 Hz in steps of 2 Hz, each 145 administered with the three stimulation intensities (sub-threshold, low or high). Each stimulation lasted for 40 seconds and was preceded by a 10 second period without stimulation. Participants were 147 instructed to sit as still as possible and direct their gaze at a white fixation cross centered on a black 148 screen. 149 To detect IAF and IBF, preprocessed data were epoched regarding the two conditions (movement and 166 rest; each from +1 s to +9 s after start of the condition) and analyzed using fast Fourier transform (FFT). 167
For each subject, frequency-band specific power differences in the alpha (8 -12 Hz) and beta band (15 168 -25 Hz) were calculated between movement and rest to detect event-related de-synchronization (ERD) 169 that typically appears during movement as well as event-related synchronization (ERS) immediately The electrode(s) exhibiting the strongest ∆Power over the contralateral hemisphere (right hand, left 174 hemisphere) for the alpha and beta band, respectively, was selected and we determined (i) IAF as the 175 frequency with the biggest power increase between 6 and 14 Hz (range of the stimulation frequencies); 176 and (ii) IBF as the frequency with the most pronounced power increase between 16 and 24 Hz. Similar 177 to before, we defined power increases as percentage change in power in the rest condition compared 178 to the move condition (∆Power) and normalized the resulting power spectrum to the power at the alpha 179 or beta peak respectively. 180
Part II: Steady-state evoked potentials 181
In order to evaluate general effects of vibrotactile stimulation on EEG signals, we measured frequency-182 specific power and phase-based consistency of EEG time-series during stimulation. For this, 183 preprocessed EEG data from the main experiment were epoched to each stimulation condition (+1 s to 184 +39 s relative to stimulation onset). Further, time-series data were cropped in 1 s segments without 185 overlap which were later treated as separate trials. In order to analyze steady-state responses to the 186 stimulation frequencies we pre-defined a region of interest (ROI) consisting of nine electrodes over the 187 somatosensory area. For each participant, we evaluated the electrode that showed the strongest SSEPs 188 across alpha (6 Hz, 8 Hz, 10 Hz, 12 Hz, 14 Hz) and beta (16 Hz, 18 Hz, 20 Hz, 22 Hz, 24 Hz) 189 stimulation conditions separately. For this, data averaged across trials of each high-intensity 190 stimulation condition were transformed into its frequency components using a fast Fourier transform 191 (FFT) and power at the corresponding stimulation frequency as well as neighboring frequencies (-2 192 Hz, -1Hz, +1Hz, +2Hz) were determined for each electrode within the ROI. We then calculated percentage increase of power at the stimulation frequency compared to power at neighboring 194 frequencies for each electrode. To evaluate the electrode showing the strongest response across the 195 alpha stimulation conditions, we averaged the calculated power changes across the corresponding 196 conditions. The same procedure was carried out for the beta stimulation conditions. To determine 197 stimulation effects on frequency-specific power, FFT was performed on data that had been 198 preprocessed and averaged across trials, derived from these electrodes (strongest alpha and beta for 199 each participant). To determine frequency-specific phase consistency of the EEG signals, we further 200 calculated intertrial phase clustering (ITPC), which measures the extent of phase angle distributions at 201 each time-frequency point across trials (Cohen, 2014) . 202
Part II: Phase-based synchronization between EEG and stimulation signal (entrainment) 203
To determine entrainment, we used data from the electrodes which were earlier defined as detecting 204 the strongest alpha and beta signals. We then measured changes in intersite phase clustering (ISPC) 205 between the preprocessed and averaged time-series data of each stimulation condition and the 206 corresponding stimulation signal. ISPC is a measure of phase-based connectivity between two time-207 series signals (Cohen, 2014) . Similar to ITPC, ISPC measures phase angle distributions, with the key 208 distinction that phase angle differences between two signals are measured. Similarly, to the EEG data, 209 the stimulation signals were band-pass filtered in the range from 5 to 25 Hz and down-sampled to 1000 210
Hz. The single-channel EEG time-series were further band-pass filtered in the range of ±2 Hz regarding 211 the corresponding stimulation frequency. To detect changes in phase-locked activity in response to the 212 stimulation, we compared ISPC between the stimulation signal and the EEG signal during stimulation 213 with ISPC prior to each condition (i.e. preceding rest period). Similar to the previously described 214 procedure, EEG data prior to stimulation onset (-9 s to -1 s) was cropped in 1 s segments and then 215 averaged across trials. ∆ISPC was calculated by subtracting the mean pre-stimulation ISPC from the 216 mean ISPC during stimulation for each of the 30 conditions. All scripts to execute the experiment and 217 to preprocess and analyze EEG data were written in MATLAB (The MathWorks Inc., USA), and used 218 functions from EEGLAB (Delorme & Makeig, 2004) . Scripts using FFT, ITPC and ISPC analysis were 219 adapted from M. X. Cohen (Cohen, 2014) . For the experiment presentation code, PsychToolbox was 220 used (Brainard, 1997) . 
Results
238
The current study was designed to reveal variations in the effect of vibrotactile stimulation on the 239 individual neuronal response in sensorimotor cortex. Participants were rhythmically stimulated at their 240 right index finger (dominant hand) using three stimulation intensities and ten stimulation frequencies 241 across the alpha and beta bands. Each stimulation lasted for 40 seconds and was preceded by a 10 242 second period without any stimulation. 243
Detection of IAF and IBF 244
To detect IAF and IBF, frequency-band specific power changes due to event-related de-245 /synchronization (ERD/ERS) in a simple finger tapping task were determined for each subject in the 246 alpha and beta bands. Figure 2 A/B show topographical plots and power spectra from an example 247 subject, revealing strong power increases in the left primary motor areas (rest vs. movement) and clear 248 peaks in the power spectra in both alpha and beta bands. Across subjects, average IAF was 11.0 Hz (± 249 2.1) and average IBF was 20.3 Hz (± 1.9) (see Figures 2 C/D). To evaluate whether the two spectral 250 peaks in alpha and beta present two independent rhythms, we calculated linear correlation with the 251 Pearson correlation coefficient between IAFs and IBFs across subjects. We found only a weak negative 252 correlation (r = -0.22, p = 0.319) and conclude that the power changes related to the finger tapping task 253 found in alpha and beta represent two distinct endogenous brain rhythms rather than harmonics. 
264
Stimulation intensity differences on steady-state evoked potentials in alpha and beta 265
In order to evaluate entrainment effects, we first need to determine whether our stimulation protocol 266 reveals typical characteristics of steady-state evoked potentials over the somatosensory area across 267 intensities revealed a significant difference between all three levels (sub-threshold vs. low: p = 0.030; 277 sub-threshold vs. high: p < 0.001; low vs. high: p < 0.001). Further, the interaction between frequency 278 band and stimulation intensity show a significant effect, meaning that vibrotactile stimulations in alpha 279 and beta have different effects on frequency-specific power across the different intensities (F(2,20) = 280 3.7, p = 0.041). This steeper increase in power across the stimulation intensities at beta compared to 281 alpha (see Figure 5 A) is in line with previous research suggesting that the somatosensory system has 282 a temporal resonance frequency in the beta band (Müller, Neuper, & Pfurtscheller, 2001; Snyder, 1992; 283 Tobimatsu, Zhang, & Kato, 1999), thus, responding with greater amplitudes to stimulation frequencies 284 in beta. The same approach was used to detect effects on ITPC across the two frequency bands and 285 three stimulation intensities. Again, we found a main effect of stimulation intensity (F(2,20) = 24.8, p 286 < 0.001), but not of frequency band (F(1,21) = 1.0, p = 0.341). Post-hoc comparisons between 287 intensities revealed a significant difference between high intensity compared to the other two, but not 288 between sub-threshold and low levels (sub-threshold vs. low: p = 0.293; sub-threshold vs. high: p < 289 0.001; low vs. high: p < 0.001). Further, no significant interaction between frequency band and 290 stimulation intensity on ITPC was observed (F(2,20) = 2.7, p = 0.093). We conclude that rhythmic 291 vibrotactile stimulation has similar effects on alpha and beta band frequencies regarding phase-angle 292 distributions across trials (ITPC). 
312
ISPC in alpha and beta depend on stimulation intensity 313
To investigate entrainment effects of the stimulation signals, we computed changes to intersite phase 314 clustering (∆ISPC) for each condition and used linear mixed effects models for the statistical analysis. 315
Our model for the alpha band conditions included stimulation intensity and absolute distance from 316 stimulation frequency to IAF (∆IAF) as fixed factors. Any variations in slope and intercept of the data 317 regarding individual variability was accounted for with the inclusion of subject as random variable. To 318 test for an effect of stimulation intensity across all stimulation frequencies, we used mean-shifted ∆IAF 319 values. Using the mean-shifted values allowed us to determine stimulation frequency-independent 320 differences across the three intensity levels by directly comparing the resulting intercepts of the factor 321 stimulation intensity. In line with our results from the power and ITPC analysis, we found the ∆ISPC 322 between stimulation and EEG signal to be more pronounced with increasing stimulation intensity. A 323
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post-hoc Tukey test revealed higher ISPC for the high intensity compared to sub-threshold and low 324 (sub-threshold vs. high: p < 0.001; low vs. high: p = 0.004). However, the increase in ∆ISPC from sub-325 threshold to low intensity showed no difference (p = 0.936). Testing the effect of stimulation intensity 326 in the beta band, revealed similar results as seen for alpha. Again, linear mixed effects models were 327 used with ∆ISPC as dependent variable, stimulation intensity and mean-shifted distance from 328 stimulation frequency to IBF (∆IBF) as fixed variables and subject as random variable. Positive and 329 statistically significant estimates for the post-hoc comparison between all intensity levels (sub-330 threshold vs. low: p < 0.001; sub-threshold vs. high: p < 0.001; low vs. high: p < 0.001), confirm the 331 effect of stimulation intensity on steady-state neuronal response as hypothesized. 332
Phase-coupling in beta depends on the interaction of intensity and distance to IBF 333
In order to test the main requirement regarding entrainment effects, and therefore the most important 334 feature of the Arnold tongue, the dependency of stimulation effects on endogenous neuronal activity 335 was investigated. We started with the analysis of the data obtained from stimulation conditions 336 targeting alpha oscillations (stimulation frequencies from 6 to 14 Hz). The shape of the Arnold tongue 337 suggests a dependency of entrainment effects (here: ∆ISPC) on the distance between stimulation 338 frequency to endogenous peak frequency (∆IAF/IBF). In our statistical model this dependency can be 339 depicted by plotting ∆ISPC values according to their ∆IAF/IBF (see Figure 6 A/B). Negative slopes 340 (derived for each stimulation intensity) which significantly differ from 0 can be expected, if the 341 hypothesized dependency is true (i.e. stimulation frequencies closer to IAF/IBF lead to higher ∆ISPC 342 values). Although the slopes in the alpha conditions for low and high intensities show a negative 343 direction (see Figure 6 A), statistically, they were not significantly different from 0 (∆IAF:low: p = 344 0.998; ∆IAF:high: p = 0.915). Our next analysis focused on the beta band conditions (stimulation 345 frequencies from 16 to 24 Hz). For beta, the slope of the low intensity differed significantly from 0 (p 346 = 0.013), while sub-threshold and high intensities showed no such effect (∆IBF:sub-threshold: p = 347 0.998; ∆IBF:high: p = 0.999). Our results from the beta band reveal a relationship between endogenous 348 oscillations, stimulation intensity and phase coupling as would be assumed by the Arnold tongue. In 349 our low intensity conditions, the distance of the stimulation frequency to IBF plays a crucial role in 350 predicting coupling between stimulation and the underlying oscillation. The Arnold tongue widens by 351 increasing the stimulation intensity, inferring a decreased effect of ∆IBF. This is because the system 352 experiences such a strong enforcement that the ongoing oscillatory activity has no effect on ISPC. In the present study, we investigated the effects of rhythmic vibrotactile stimulation across alpha and 362 beta frequencies on neuronal activity in the somatosensory cortex. Our main results reveal a clear effect 363 of stimulation intensity on frequency-specific power and intertrial phase clustering (ITPC) across both 364 frequency bands. A significant interaction effect revealed a difference between alpha and beta 365 stimulation frequencies with regard to their effect on frequency-specific power. The steeper power 366 increase across the three stimulation intensities in beta compared to alpha, as well as the higher power 367 values attained from high-intensity stimulation (Figure 5 A) is in line with previous findings suggesting 368 that the resonance frequency of the somatosensory system is in the beta band (Müller et al., 2001; 369 Snyder, 1992; Tobimatsu et al., 1999) . Further, we provide evidence for the hypothesized entrainment 370 
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Low effect by revealing a dependency of phase-locked activity between stimulation signal and endogenous 371 beta brain oscillations on the interaction of stimulation intensity and frequency regarding its distance 372 to individual beta peaks. This dependency is in line with the hypothesized Arnold tongue which 373 predicts that entrainment via external signals of low intensity is stronger when the stimulation 374 frequency matches the frequency of the endogenous system (Fröhlich, 2015; Notbohm et al., 2016; 375 Pikovsky et al., 1999) . Stimulation conditions in the alpha band revealed no such entrainment effect 376 although effects of stimulation intensity on ISPC were found as well. 377
Rhythmic sensory stimulation reveals online entrainment effects 378
Entrainment effects of sensory and non-invasive transcranial stimulation have been reported in various 379 studies (for reviews see: Thut et al., 2011; Zoefel et al., 2018) , yet our study is the first to demonstrate 380 this effect for a wider range of endogenous brain oscillations in the somatosensory cortex. Our main 381 finding that external rhythmic stimulation interacts with ongoing endogenous brain rhythms of the 382 sensorimotor cortex is in line with previous reports using either sensory stimulation (Gulbinaite, van 383 Viegen, Wieling, Cohen, & VanRullen, 2017; Notbohm et al., 2016) investigating the electrophysiological correlates of their tACS stimulation on endogenous mu-alpha oscillations, their findings reveal a counter-intuitive effect of a decrease of mu-alpha amplitude after 402 stimulation (Gundlach et al., 2017) . While the authors argue that homeostatic neuroplastic processes, 403 as well as the electrode placement (bilateral) might have led to the decrease in mu-alpha, the underlying 404 neural mechanism of their first study remains unclear. Even though their approach is well-suited to 405 reveal functional modulations with tACS, it does not allow to investigate online entrainment effects 406 due to large electrical artifacts. Further, due to the lack of different stimulation intensities, as well as 407 variations in stimulation frequencies away from endogenous frequencies, the Arnold tongue cannot be 408 derived from these studies. In addition, only mu-alpha frequency stimulation was applied, preventing 409 conclusions in regard of other frequency bands. Here, we used tactile stimulation across various 410 frequencies covering alpha and beta frequencies, which was provided mechanically and, therefore, did 411 not interfere with the EEG recordings, thus, enabling the analysis of potential entrainment effects 412 during stimulation. Our results suggest that rhythmic activity in somatosensory cortex can be 413 influenced, but that potential entrainment effects were only found in the beta band. 414
Stronger response to rhythmic beta stimulation in the somatosensory system 415
Although studies investigating spontaneous (resting-state) EEG activity, found both beta (mu-beta) and 416 alpha (mu-alpha) oscillations in sensorimotor areas ( potentials in the two frequency bands differ clearly (see Figure 3 ). This finding is in line with previous 419 studies using rhythmic sensory stimulation, revealing that each sensory system responds maximally to 420 a specific stimulation frequency (for a review: Vialatte et al., 2010). Arguably, this represents a 421 mechanism by which each of the sensory systems processes information optimally (Hutcheon & 422 Yarom, 2000) . Such a temporal tuning function appears in the visual system around 10 Hz (Regan, 423 1989 ), in the auditory system around 40 Hz (Stapells, Makeig, & Galambos, 1987) The concept of modulating brain oscillations by rhythmic stimulation has become increasingly popular 455 in research on brain rhythms and their underlying functions (Thut et al., 2011) . Despite the limitations 456 of the present study, we show that there is a significant frequency-specific dependency of brain 457 responses to rhythmic vibrotactile stimulation on individual neuronal activity in the beta band. We 458 conclude that our findings support the notion of entrainment of endogenous brain oscillations in 459 somatosensory cortex. This opens up possibilities to causally test interactions between oscillatory 460 activity and behavior by utilizing entrainment via somatosensory stimulation. 461
